DNA clones have been isolated that contain 80 kb of the beta-globin complex from the deer mouse, Peromyscus maniculatus. Comparisons of this complex with that from the laboratory mouse, Mus domesticus (with an order S-Hbby, Hbb-bh0, Hbb-bhl, Hbb-bh2, Hbb-bh3, Hbb-bl, Hbb-b2 3') highlight organizational trends in the beta-globin complex since the two species diverged. Unlike other mammals studied thus far, the deer mouse possesses three adult genes. Partial sequence analysis indicates that each of the three adult genes is intact and hence may be functional. Hybridization of one of the two Mus pseudogenes, Hbb-bh3, to genomic blots from Peromyscus reveals that it has a homologous counterpart in
Introduction
Multigene families are a common feature of the mammalian genome and often contain genes that undergo different developmental regimens. These gene families tend to be clustered, a phenomenon that presumably reflects the duplication mechanisms that act on genes. It is likely that some regulatory elements reside within or near each gene cluster that contribute to the temporal and tissue-specific expression of its members.
By comparing the same gene family or gene complex in different species, we can trace aspects of its evolutionary history. Data concerning which sequences and organizational features are conserved may provide insights into aspects Beta Globins of the Deer Mouse 3 1
of the regulation and function of the gene complex. In addition, comparative analyses can provide clues to the genetic mechanisms that act on DNA, such as gene conversion and transposition. The beta-globin complex is one of the best-characterized gene families in mammals. Beta-globin genes are clustered and are temporally and spatially regulated during ontogeny. Detailed analyses of these clusters at the molecular level have been performed on many species, e.g., the rabbit (Lacy et al. 1979) , BALB/c mice (Jahn et al. 1980) , C57BL mice (Weaver et al. 1980) , humans (Fritsch et al. 1980) , primates (Barrie and Jeffreys 198 l) , lemur (Jeffreys et al. 1982) , and goat (Shapiro et al. 1983; Townes et al. 1984) . Such comparisons of complexes from different species reveal that while their structure and organization are superficially similar, there is considerable variation in the size of the complex and in the number of genes present. Tracing the history of these genes and their intergenic sequences has been difficult because the number of nucleotide changes between mammalian orders is large and the relationships among genes are complicated by mechanisms such as gene conversion. Recently, comprehensive models explaining the evolutionary history of the globin genes in mammals and how the various genes are related to each other have emerged from several studies (Shapiro et al. 1983; Hardies et al. 1984; Hardison 1984; Hill et al. 1984 ). The models propose that there were epsilon-like, gamma-like, delta-like, and beta-like globin-gene precursors in the common ancestor preceding the mammalian radiation. The following three types of changes in the complex are proposed to have occurred during the formation of mammalian orders and to have resulted in the present-day configurations:
(1) duplication of one or more genes, (2) recruitment of genes into different developmental regimens, and (3) inactivation of a gene between the nonadult and adult genes. To aid in tracing changes in globin genes and in the gene complex, it would be useful to compare species more closely related to each other than are mammalian orders but still distant enough taxonomically to observe changes that point toward organizational trends (Barrie and Jeffreys 198 1; Martin et al. 1983 ).
There are several rationales for comparing beta-globin evolution within the order Rodentia and specifically between Mus (family Muridae) and Peromyscus (family Cricetidae). Within inbred strains of M. domesticus there are three known beta-globin haplotypes. Molecular studies on the Hbbd and Hbb" haplotypes (Jahn et al. 1980; Weaver et al. 198 1) and the protein pattern of Hbbp (Gilman 1976 ) indicate all three haplotypes possess two adult beta-globin genes. Among laboratory strains of Rattus nowegicus (family Muridae), there is genetic variation for hemoglobin (Stoic et al. 1982) and one of the haplotypes appears to express three beta chains in the adult (Garrick et al. 1978) . In populations of the deer mouse, P. maniculatus, there are at least five beta-globin haplotypes and at least two, and possibly three, beta-globin loci capable of expression in the adult based on protein-expression patterns (Snyder 1978a, 19783, and personal communication) . Insights into mechanisms of gene regulation affecting coordinate and sequential expression of the beta-globins may result from relating differences in beta-globin production to sequence variation between orthologous and paralogous genes (for definitions, see Wilson et al. 1977) within and between haplotypes.
On the basis of the number of replacement-site changes found in comparisons of the mouse, human, and goat orthologous beta-globin genes, Shapiro et al. (1983) suggested that the embryonic genes are evolving more slowly than other beta-globin genes. If this is true, the analysis of closely related species may establish whether this conservation applies to the coding regions or to the flanking chromosomal regions as well. Hardies et al. (1984) proposed that the delta-like sequences in Mus have become pseudogenes and that the functional adult genes are beta-like. Examination of the adult genes in Peromyscus has provided a direct test to determine whether this is true for rodents in general. Sequence analysis of the gamma-like genes in Mus, Hbb-bh0, and Hbb-bhl (Hill et al. 1984) requires that the duplication that produced this gene pair be ancient, but this analysis cannot clearly predict which rodent species should contain both genes. Expression of Hbb-bh0 in M. domesticus is low, and its gene product has not been identified (Brown et al. 1982; Farace et al. 1984) . Isolation and characterization of these genes from Peromyscus may help resolve their evolutionary history and ontogenic role.
As a first step toward such comparisons and analysis of these issues, the present paper describes the molecular cloning and partial characterization of a beta-globin haplotype from the deer mouse, P. maniculatus.
Methods and Nomenclature

Mice
A laboratory strain of Peromyscus maniculatus subspecies rujnus was developed from animals collected near the Rocky Mountain Biological Laboratory (elevation 2,895 m) in Gunnison County, Colorado. The wild-strain ancestor of the strain was heterozygous for a distinct electrophoretic allele at the secondary beta-globin locus (designated Hbd in Peromyscus [Snyder 1978a]) , which codes for the adult protein present in minor quantities. The identity of the distinct allele (designated Hbd 10 15) as a beta-globin variant was established using genetic mapping. The allele showed very close linkage (no recombinants among 165 test-cross progeny) to the Hbe' allele, which in turn is linked to the allozyme locus Gpi (Snyder 1978a) and to the coatcolor loci p and c (L. R. G. Snyder, personal communication) . The Gpi, p, and c loci are known to be syntenic with the beta-globin complex in Mus. Descendants of the original heterozygote were inbred to yield homozygotes for the distinctive Hbd 10 15 haplotype, which were then used as the DNA source for cloning and genomic blotting.
In the nomenclature developed by Peromyscus (Snyder 1978a ) the symbol Hbx was used to reference single loci, with the x representing a specific globin locus. In Mus, the symbol Hbx has been used to reference gene complexes such as Hba for the alpha-globin gene complex and Hbb for the beta-globin gene complex. Except when it is necessary to make reference to the existing literature, we will herein adopt, for both Peromyscus and Mus, the nomenclature recommended by Brown et al. (1982) , in whit:' the symbol Hbx is used to reference gene complexes. Single loci within such a comp; :x are referenced by Hbx-locus name.
A modification of Brown et al.'s (1982) nomenclature for globin genes was proposed at the Mouse Globin Nomenclature Meeting (Jackson Laboratory, Maine, 1984) . In general, it replaces the beta symbol with a lowercase b. This nomenclature is used throughout the text and figures of the present paper.
Preparation and Screening of Total Genomic Lambda Libraries
Charon 30 (Rimm et al. 1980 ) was digested with a fivefold excess of BamHI and loaded directly onto a 5%-40% sucrose (w/v) step gradient in an SW27 rotor to remove the internal fragment. After centrifugation for 24 h at 24,000 g and 20 C, l-ml fractions were collected from the bottom of the gradient. Portions (25 ~1) of each fraction were loaded onto a 0.5% (w/v) agarose gel for determination of fractions containing purified lambda arms. Fractions were diluted to 3.2 ml with distilled H20, and the DNA ethanol was precipitated after the addition of 8.0 ml 95% ethanol. The DNA was ethanol precipitated a second time in a microfuge tube and frozen (-20 C) until used.
High-molecular-weight mouse genomic DNA was prepared using a modification of the procedure of Blin and Stafford (1976) . Single animals were killed by cervical dislocation (with or without starving), and their intestines were removed. Carcasses were quickly placed in liquid N2 for -2 min, removed, and then partially crushed with a hammer. The crushed pieces were blended in a precooled, metal Waring blender containing a layer of liquid N2. The powdered animal tissue was added to 150 ml of two different solutions. One solution contained 20 mM Tris (tris-hydroxymethylaminomethane), pH 8.0, 1 M NaCl, 1 mM EDTA (ethylenediamine tetraacetic acid), pH 8.0, 0.5% sodium dodecyl sulfate; and the other contained phenol equilibrated with 2 M Tris, pH 8.0, 0.5% beta-mercaptoethanol, and 0.25% 8-hydroxyquinoline. This mixture was shaken for 1.5 h at room temperature. The phases were separated by centrifugation, and the aqueous layer was reextracted with an equal volume of the phenol solution. After chloroform or ether extraction of the aqueous layer, the DNA was banded in a CsCl density gradient in a vertical rotor according to the method of Maniatis et al. (1978) . After dialysis overnight, the DNA was stored at 4 C. With lambda (48.5 kb) and herpesvirus DNA ( 170 kb) as size markers, 200 ng was run for 24 h at 2 V/cm in a 0.2% (w/v) agarose gel overlayed on a 1% (w/v) agarose gel (the method described by Grosveld et al. [ 198 11 ). This assay showed that the genomic DNA fragments were approximately the same size as the herpesvirus DNA. Scaleddown versions, in which a precooled mortar and pestle were used on portions of the whole animals, also worked. As much as 1 mg of DNA can be extracted from 1 g of tissue prepared in this manner.
Peromyscus maniculatus DNA was partially digested with Sau3A in five separate digests for different lengths of time. All five digests were pooled and loaded onto a 5%-40% (w/v) sucrose step gradient and centrifuged for 24 h at 20 C in an SW27 rotor at 23,000 g. Fractions were assayed and precipitated as described above in the procedure for making lambda arms.
Ligations ranging from 3: 1 to 4: 1 weight ratios of vector to insert were incubated at 4 C for 20 h. Ligated DNA was packaged in vitro according to the method described by Grosveld et al. (198 1) . Packaged phage were diluted in SM (0.1 M NaCl, 10 mM MgS04 l 7H20, 50 mM Tris, 0.01% gelatin) and titered on LE392 and Q359 bacteria to determine the number of phages carrying inserts (see Karn et al. 1980) . The library was amplified according to the method described by Maniatis et al. (1982) .
The recombinant lambda library was screened according to the method described by Jahn et al. (1980) . A mixture of three gene-specific probes from M. domesticus (Hbb-y, Hbb-bhO/Hbb-bhl, and adult sequences) was used to screen 800,000 phage plaques at a time (see Brown et al. 1982 for description of the probes).
Southern Transfers, Nick Translation, and Filter Hybridization Southern (1975) transfers as modified by Jahn et al. (1980) were performed, except that 4 or 5 yg of genomic DNA was loaded into a l-cm well of an agarose gel. Radioactive probes were nick translated to specific activities of l-3 X lo* cpm/pg according to the method described by Maniatis et al. ( 1975) 
Sequencing
Regions containing the beta-globin sequences from the original lambda clones or pBR322 subclones were sequenced using the protocols of Maxam and Gilbert ( 1980) and gels described by Sanger and Coulson (1978) . Random M 13 clones generated from sonicated DNA (Deininger 1983) were sequenced using Bethesda Research Laboratories protocols for dideoxy sequencing or protocols furnished by A. Bankier (MRC, Cambridge, England) using either 32P-or 35S-labeled nucleoside triphosphates. Samples were electrophoresed on gradient buffer gels (Biggin et al. 1983 ).
Computer Sequence Analysis
A series of programs to analyze DNA sequences have been developed in our laboratory to work with a Z-80-based microcomputer operating under a CP/M operating system. Among them are a sequence editor (SED), a sequence display program (FIGMAKER), a restriction-site search program (ALLSITES; Lautenberger et al. 1980 ), a dot-matrix display program, and a sequence alignment program (DIAGSRCH, DIAG-PLOT, and SALT; White et al. 1984) . The programs of Staden ( 1982) were used to align random M 13 clones with each other.
Analysis of Divergence between Sequences
The divergence between the genes was determined from sequences aligned by using the ALIGN program (Dayhoff 1978) . A gap penalty of 2, a bias of 0, and the Unitary Nucleic Acid Matrix were used to make alignments. Gapped portions were ignored when calculating percent identity. The alignments produced in this manner are not optimal, but the ALIGN program was used to apply the same alignment algorithm to all sequences. A slightly better alignment does not alter the authors' conclusions.
Miscellaneous
Enzymes were purchased from Bethesda Research Laboratories or New England Biolabs and used according to recommendations of the manufacturer. Radiolabeled nucleoside triphosphates were purchased from New England Nuclear. All work was carried out under the prevailing NIH guidelines.
Results
Individual Peromyscus maniculatus mice, homozygous at the beta-globin complex, were used to make total genomic libraries in bacteriophage lambda. Partially digested Sau3A genomic fragments were cloned into Charon 30 (Rimm et al. 1980 ). Four and one-half million phage were amplified and stored for screening. Recombinant clones containing 80 kb of the beta-globin complex were isolated and purified by using beta-globin clones from Mus as probes. These probes included an adult cDNA (Rougeon and Mach 1977) , an H&y cDNA (Fantoni et al. 1979) , and a genomic fragment comprising the first two coding blocks of Hbb-bhl (Brown et al. 1982) . Restriction maps were made for each clone, and overlaps between the clones were determined ( fig. 1 ). Within the 80 kb cloned, there are five beta-globin genes dispersed on three groups of clones.
To verify the identity and to orient the genes, partial sequence data for each of them were obtained from clones in lambda DNA, pBR322 subclones, or Ml 3 subclones. The second intervening sequence (IVS) of the globin genes tends to possess 1 .-Physical map of the cloned beta-globin complex from Mus and Peromyscus. The nomenclature used for naming the genes is that presented in Brown et al. (1982) and modified at the Mouse Globin Nomenclature Meeting (Jackson Laboratory, Maine, 1984) . The Hbb has been deleted from the gene names in this figure. The map of the Mus complex is from Jahn et al. (1980) . Recombinant lambda clones are depicted beneath the Peromyscus complex with the clone number. The size of the gaps between the three cloned regions in Peromyscus is not known (see text).
sequence features that are specific to each beta-globin gene Hill et al. 1984) . Therefore, sequence data were obtained in a 3' direction from the BamHI site in the second coding block. These sequences from Peromyscus were aligned to the same region of each of the A4us genes using the ALIGN program (Dayhoff 1978) . The percent identity between each pair of sequences was then determined and is presented in figure 2 . Sequence comparisons to IVS2 from the sequenced genes of the laboratory mouse, M. domesticus, allow us to unambiguously identify the Peromyscus genes ( fig. 2) . The P. maniculatus genes isolated thus far are homologous to the A4us Hbb-y, Hbb-bh0, and adult genes. The identification of the genes is consistent with their location in the lambda clones; for example, one expects the embryonic gene Hbb-y to reside 5' to Hbb-bh0.
Peromyscus genomic blots were probed with gene-specific Mus fragments that were not orthologous to the Peromyscus clones (Hbb-bhl, Hbb-bh2, and Hbb-bh3) ( fig. 3) . A 635-bp XhoIIBamHI Mus Hbb-bhl fragment specific for Hbb-bhO/Hbb-bhl genes (Brown et al. 1982 ) was hybridized to an EcoRI digest of Peromyscus DNA. One of the two bands that hybridize is the same size as the fragment in the lambda clone that contains the presumptive Peromyscus Hbb-bh0 gene. Since the probe is gene specific in Mus, we deduced that the other band seen in Peromyscus DNA is derived from a duplication of Hbb-bh0 or the Peromyscus Hbb-bhl gene. Since the Mus pseudogene Hbb-bh3 is a recombinant between two highly divergent beta-globin genes , 5'-and 3'-specific probes were used to assay its presence in Peromyscus. The 5' probe was an XbaI/XbaI fragment just 5' to the coding blocks of the A4us Hbbbh3 gene, and the 3' probe was a HindIII/EcoRI fragment that contained the 3' part of the fusion of the Mus Hbb-bh3 gene. Both probes show hybridization to genomic blots, suggesting that both parts of Hbb-bh3 are present in the deer mouse ( fig. 3) . It is interesting to note that both probes hybridize to the same size fragment. The positions of the bands in figure 3 are different because they are from different blots. These data (Hansen et al. 1982) ; Hbb-bh0 and Hbb-bhl (Hill et al. 1984) ; Hbb-bh2 ; Hbb-bh3 and Hbbbl and Hbb-b2 (Konkel et al. 1979). suggest-but do not prove-that the Hbb-bh3 sequences in Peromyscus are fused to form the same recombinant structure found in Mus. A 400-bp PstI/BamHI fragment specific for Hbb-bh2 was used as probe for this gene in the Peromyscus genome. Under the hybridization conditions used in these genomic probings, the other Mus pseudogene, Hbb-bh2, has not been detected in Peromyscus. Since greater sensitivity occurs when probing lambda digests, this probe was used to probe all the isolated lambda clones to determine whether Hbb-bh2 is present. No hybridization to the isolated Peromyscus clones was seen (data not shown).
Probings of genomic blots verify that each clone represents an intact segment of the deer mouse chromosome that has not undergone rearrangement during cloning. Furthermore, isolation of multiple clones containing the same genomic regions and possessing identical restriction maps substantiates that the clones represent intact chromosomal segments ( fig. 1 ). All the Peromyscus genomic restriction fragments that hybridize to the adult Mus probe are contained in the clones bearing Hbb-bl, Hbbb2, and Hbb-b3 (fig. 4) . These data, in conjunction with the partial sequence data, verify the presence of three adult beta-globin genes in Peromyscus. These mice are homozygous for Hbd 10 15, and therefore these three adult genes are not allelic, since Five micrograms of total Peromyscus genomic DNA was digested with EcoRI and electrophoresed on a 1% (w/v) agarose gel. After being transferred to nitrocellulose, the blot was hybridized with a nick-translated adult cDNA clone (Rougeon and Mach 1977) . Denoted beside the hybridizing bands are the sizes (in kilobases) of the fragments and the gene to which the fragment belongs (the Hbb has been deleted from the gene names in this figure) . Also shown is a restriction map of the three adult beta-globin genes and flanking DNA. The darkened boxes represent the three coding blocks of each gene. The following symbols represent restriction sites: 1 , EcoRI; 1 , HindIII; A, BglII. The numbers indicate the size of the EcoRI restriction fragments. The hatched boxes at the top represent regions that were sequenced and displayed in fig. 5 . the sequence similarity of Hbb-bl and Hbb-b2, sequence was obtained 1.6 kb 5' to the coding blocks ( fig. 5B ). There is >99% sequence identity in this nontranscribed region 1.6 kb 5' to the coding blocks of Hbb-bl and Hbb-b2, so the sequences are certainly homologous. The end point of the homology is not known.
Next, we addressed the question whether these three adult genes were functional and examined their evolutionary history in light of the models describing the history of the beta-globin genes of A4u.s. The second exon of each gene was sequenced and aligned ( fig. 5C ). Each of these adult genes contains an intact reading frame in this coding region. These data are consistent with each of these genes being functional. In Mus, the adult-like genes are derived from either beta-like or delta-like precursors, with the functional genes being derived from beta-like precursors . The IVS2 sequence is a strong indicator of evolutionary history , so the sequence obtained from this region in Peromyscus was aligned to both the beta and delta IVS2 sequences from man ( fig. 5D ). The great similarity and the common position of gaps in the sequences clearly show that each of the Peromyscus adult genes is beta-like in sequence.
Discussion
We have cloned and characterized 80 kb from the beta-globin complex of the deer mouse, Peromyscus maniculatus. The recombinant clones provide three sequences that have not yet been linked. The gaps between them may arise from an unusual distribution of restriction sites for the enzyme used in cloning, Sau3A, or from the presence of sequences in the chromosomal DNA of the deer mouse that adversely affect either the replication of lambda clones or their stability in E. coli and thus diminish their likelihood of existing in the library. Alternatively, the gaps could rep- II IIIII  I I  III  II  II  I I II I  II  I fig. 4 ) is shown the alignment of the human delta and human betabin genes, which can be used to decipher the evolutionary history of the Peromyscus genes. The vertical lines represent ntity between bases. resent long regions devoid of globin sequences, which would not be detected using beta-globin probes. Experiments specifically designed to isolate these regions are in progress.
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Hybridization and sequence analyses show that there are five different globin genes within the Peromyscus clones. Computer-assisted alignments of DNA sequence data have unambiguously identified three of the five Peromyscus beta-like globin genes-i.e., Hbb-bl, Hbb-b2, and Hbb-b3-as being more similar to the Mus adult genes Hbb-bl and Hbb-b2 and two of them-Hbb-y and Hbb-bhO-as being more similar to the Mus embryonic genes Hbb-y and Hbb-bh0. There remain three betaglobin sequences in Mus for which we have not found orthologues within the cloned Peromyscus segments-namely, Hbb-bhl, Hbb-bh2, and Hbb-bh3. However, gene-specific probes for Hbb-bhO/Hbb-bhl (Brown et al. 1982) and Hbb-bh3 , when hybridized to genomic blots of Peromyscus, suggest the presence of these genes. In the case of the Mus Hbb-bhO/Hbb-bhl-specific probe, hybridization to two bands in Peromyscus genomic DNA is found. One band is found in the cloned sequences and represents Hbb-bh0. We infer that the second band is Hbb-bhl, since the probe in A4us is specific for only these two genes, but we cannot rule out the possibility that the other band is a duplication of Hbb-bh0. Both the 5' and 3' Hbbbh3-specific probes faintly hybridize to the same fragment in the genome Peromyscus (the DNAs in the gels migrated different distances), suggesting that Hbb-bh3 is a recombinant between these two divergent sequences, a situation similar to that in Mus . The presence of the pseudogene Hbb-bh2 has not been detected in Peromyscus. Since the Hbb-bh2 sequences are diverging rapidly , it may not be detectable with the hybridization protocol used (see legend to fig. 3 ). Alternatively, it may not be present in the Peromyscus genome.
Partial sequence data of the Peromyscus Hbb-bl, Hbb-b2, and Hbb-b3 gene clearly show that these genes are adult-like in sequence. The sequence of the second coding blocks shows no defects, and hence all three genes may code for proteins ( fig. 5 ). Surrounding these adult genes is -15 kb of DNA not present in the flanking sequences of Mus.
In addition to the difference in organization of the adult genes in the two lineages, the number of adult genes indicates that the evolutionary histories of the two lineages are clearly different. The evolutionary distance between the two adult Mus genes (Konkel et al. 1979 ) is close to the divergence time of Mus and Peromyscus (Sarich and Cronin 1980) , and therefore it is difficult to know, on the basis of those data, whether both lineages shared a common ancestor with two adult genes, whether Peromyscus independently duplicated its adult genes twice to create these three genes, or whether Mus deleted one adult gene. Resolution of this issue will have to await sequence of the IVS2 and flanking regions in Peromyscus. What does appear clear is that either (1) Peromyscus duplicated one of its globin loci since its split with Mus or (2) Mus deleted one of its adult loci since its divergence from Peromyscus. The model proposed by Hardies et al. (1984) shows that the adult genes in Mus are derived from beta-like, and not delta-like, globin sequences. Examination indicates that all three adult Peromyscus genes are also beta-like ( fig. 5 ). As they have been in Mus, the delta-like sequences in Peromyscus have either been inactivated or deleted ( fig. 6 ). Since the Peromyscus and Mus lineages are phylogenetically separated by a great distance in the order Rodentia, we feel that many, if not all, rodent lineages have adult betaglobin genes that are derived from beta-like precursors rather than from delta-like precursors ( fig. 6 ). Certainly this is true for the Mus and Peromyscus lines.
The simplest explanation of the presence of Hbb-bh0 and Hbb-bhl in the genomes of both the deer mouse and the laboratory mouse is that the duplication of this related gene pair predates the divergence of the Muridae and Cricetidae families. Sequence comparison of these two genes in Mus suggests that this duplication occurred roughly at the time of divergence between Muridae and Cricetidae (Sarich and Cronin 1980; Brownell 1983; Hill et al. 1984) , and the existence of Hbb-bh0 and Hbb-bhl is consistent with the model positing that the Hbb-bhO/Hbb-bhl duplication occurred prior to the divergence of the Muridae and Cricetidae families. However, without extensive sequence data from Hbb-bh0 and Hbb-bhl of the deer mouse, the formal possibility that each rodent duplicated this gene independently cannot be excluded.
The strong hybridization seen in genomic blots between Peromyscus Hbb-bh0 The genes depicting the ancient rodent ancestor are a composite of the models proposed by Hill et al. (1984) and Hardies et al. ( 1984) . In the previous models, the rodents duplicated the delta-like and beta-like region early in their history and later inactivated three of these four sequences. Information derived from the cloned adult genes of Peromyscus indicates that these genes are beta-like and not delta-like and that three of the four primordial adult-like sequences have been inactivated. The present-day Peromyscus and Mus complexes were compared to each other and to that of the proposed ancient rodent ancestor to show an intermediate, the most recent common ancestor (shown in brackets). The uncertainty in their relationships among the adult genes (see text) is depicted in the most-recent-common-ancestor beta-globin complex as one, two, or three genes. Since both Peromyscus and Mus contain Hbb-bhO and Hbb-bhl, we propose that the gamma-like genes had already undergone a duplication before the lineages diverged. The 5' delta-like sequence formed the Hbbbh2 sequence in MUS and therefore must have been in a common ancestor of Peromyscus and ikfus. Its presence in Peromyscus is not known (as is indicated by a question mark). Sequences from Hbb-bh3 are present in both lineages, but whether the fusion of ancient beta-like and delta-like genes occurred in Peromyscus, as it did in MUS, is unclear and is therefore depicted with a question mark. The prefix Hbb has been omitted from the gene names in the present-day configuration.
and Peromyscus Hbb-bhl DNA probed with homologous Mus sequences indicates that both genes are diverging slowly, as though they are functional genes. We therefore infer that both genes play a role in the ontogeny of mice. Evidence that Hbb-bhl codes for the embryonic z protein in Mus has been presented by Farace et al. (1984) , but the role of Hbb-bh0 has not been clearly elucidated. Since Hbb-bh0 has been conserved over evolutionary time, its role may be important. Perhaps a more detailed study of it in the deer mouse will help elucidate its function.
Results from genomic blots indicate that the size of the Peromyscus beta-globin complex is at least 90 kb, and if the uncloned regions in Peromyscus contain sequences arranged as in Mus, then the complex would be -100 kb. By comparison, in Mus the entire beta-globin complex is contained on 65 kb. The greater size of the complex in the deer mouse could conceivably reflect either (1) the need for additional sequences to regulate the three adult genes or (2) inefficient mechanisms for contracting the genome after large duplication events .
We were struck by the contrast in the stability of the 5' versus the 3' ends of the beta-globin complexes in the two species. The adult region not only underwent at least one additional duplication in the deer mouse but acquired at least 15 kb of DNA, while the embryonic genes (Hbb-v and Hbb-bh0) apparently did not alter their length. Also, the intergenic distance in the region that could be examined, between Hbb-y and Hbb-bh0, has remained constant in the two lineages. Examination of all the cloned beta-globin complexes from the other mammalian orders reveals that the S-most betaglobin gene (epsilon-like) has not undergone an independent duplication since the orders have arisen. It is noteworthy that, in Mus, part of Hbb-bh0 and possibly Hbbbhl have been gene converted by the Hbb-y gene (Hill et al. 1984) , thus increasing the proportion of Hbb-y coding sequences in the genome. Since Hbb-y converted other genes, one infers that its coding sequence is not deleterious to the animal; therefore, the absence of a gene duplication may underscore constraints in the embryonic region that select against expansion. In contrast, one finds examples of independent duplications of either the beta-like or gamma-like genes of the gene complex in mammals. For example, the higher primates have duplicated the gamma-like genes (Barrie and Jeffreys 198 l) , as have the rodents (Hill et al. 1984) . In the case of Peromyscus, the adult beta-like genes are triplicated. Goat has triplicated the entire four-gene complex (Townes et al. 1984 ). Yet, there have been no duplications involving only the 5'-most embryonic gene. We summarize these observations to hypothesize that the S-most embryonic gene and the surrounding region are more evolutionarily stable than are the adult gene region and gamma-like gene region. Possible models that would explain this phenomenon include the following: (1) the spatial arrangement between genes and unknown regulatory sequences in the embryonic region is optimal and does not tolerate many changes; (2) the gene dosage and function of the epsilon-like gene is optimal whereas there is positive selection for duplication of genes and recruitment of genes into other developmental slots on other regions of the complex; and (3) there are intrinsically fewer rearrangements and duplications in this region relative to the adult region. It should be noted that Hardison (1984) showed that the 5'-most embryonic genes in man and rabbit have a significantly lower replacement-site divergence than do the descendants of the adult genes. Shapiro et al. (1983) also showed that the embryonic genes in goat and man were accumulating replacement-site substitutions more slowly. Examination of additional haplotypes in Peromyscus and related species may help evaluate these hypotheses and eliminate some of these alternatives.
Ambiguity exists as to how one can interpret the protein and genetic data regarding the number of adult beta-globin loci in Peromyscus. Snyder (1978a) , in one model, proposed that Peromyscus possessed three separate adult loci because three distinctively different types of adult protein-expression patterns have been seen within different Peromyscus populations. Most adult proteins examined from natural populations of Peromyscus constitute either 24%, 70%, or 6% of the total globin produced; however, the presence of all three loci on one chromosome has never been observed. Natural recombinants have not been found in nature because not all of the alleles occur in the same interbreeding population (a situation which, if it were possible, would result in one animal showing three distinct proteins). Therefore the issue remained unresolved until the cloning of the three genes. Examination of globin proteins from the rat indicated that some haplotypes express three adult beta loci (Garrick et al. 1978) . These data raise the question of whether the triplication events that occurred in some rat lineages are related to those in Peromyscus. If so, since the rat and A&s are members of Muridae, the simplest explanation for the existence of fewer adult genes in Mus is a loss in Mus rather than an independent duplication in both the rat and Peromyscus lineages. This issue can be addressed by sequence analysis and cloning of the appropriate genes.
What is the advantage of multiple adult globin loci? Presumably, multiple hemoglobins resulting from beta-chain multiplicity will differ in their functional properties. There has been some study of the oxygen-dissociation curves of bullfrogs and turtles with multiple hemoglobins (Maginniss et al. 1980) . The presence of multiple hemoglobins changes the shape of the curve in a way that appears to be advantageous under conditions of severe oxygen limitation. Interestingly, Peromyscus occupies a wide variety of niches, notably high elevations. The presence of multiple loci and alleles may confer some advantage to this life-style. In the case of alpha-globin haplotypes, Chappell and Snyder (1984) showed a significant correlation between haplotypes and altitude.
Even in organisms that contain two beta-globin proteins, minor amounts of a subunit may have significant effects. Whitney (1977) points out that mixed tetramers (a&3') may form in vivo. For a subunit ratio of 70%:30%, over half (5 1%) of the tetramers may include the secondary subunit. Furthermore, the developmental profile of different genes varies with ontogeny. Genes that are low expressers in adults may be the dominant expresser in an earlier developmental time or during stress. For example, Whitney ( 1977) shows that, relative to Hbb-bl, H&b2 is expressed at higher levels in the mouse fetus and at lower levels in the adult. Alter et al. (1982) have shown that Hbb-b2 expression increases transiently during recovery from stress. These data make it easy to envision how a third adult locus, even when expressed at low levels in the adult, could have a significant role in the physiology of the organism. How different loci and different haplotypes affect oxygen consumption and metabolism in Peromyscus awaits further physiological evaluation.
